Introduction {#sec1}
============

The European Union has set as target that 20% of the final energy consumption should be supplied by renewable energy by 2020.^[@ref1]^ Solar energy is one of the cleanest renewable energy resources with the least negative impact on the environment. Solar energy can be stored in chemical form or in physical form. Thermal energy can be stored in its physical form as sensible heat and latent heat.^[@ref2],[@ref3]^ In chemical form, thermal energy can be stored using a reversible chemical reaction, known as thermochemical heat storage. The energy storage density of the thermochemical form is higher (up to 20 times) than that of the physical form.^[@ref4],[@ref5]^

Salt--H~2~O (salt hydrates), oxide--H~2~O, oxide--CO~2~, salt--NH~3~ and peroxide--oxide reaction pairs are widely explored options for thermochemical heat storage materials.^[@ref3],[@ref6]−[@ref11]^ Unlike CO~2~ and NH~3~, water is readily available and is a nontoxic working fluid. However, for water-based working fluids, dehydration reactions of hydroxides (M(OH)~2~, M = Ca/Mg) take place at higher temperatures (\>600 K).^[@ref12],[@ref13]^ Peroxide--oxide based redox reaction pair operates at an even higher temperature (\>773 K).^[@ref10],[@ref11]^ Thus, they are less suitable for providing thermal comfort in the built environment using solar energy. Salt hydrates, on the other hand, have lower equilibrium dehydration temperature in combination with high energy storage density and can be used for seasonal solar heat storage. Chloride-based salt hydrates are one class of TCMs with high storage capacity and fast reaction kinetics. MgCl~2~ and CaCl~2~ hydrates are the two most promising reversible materials among chloride-based hydrates for seasonal heat storage.^[@ref6]^ However, these chloride-based salt hydrates suffer from irreversible hydrolysis as a side reaction. Hydrolysis produces corrosive HCl gas and affects the performance of the heat storage system.

In practical applications, hydrolysis can be potentially avoided by using a complex compound/double salt that will shift the process to a higher temperature. For example, industrially Mg is produced electrolytically from pure anhydrous MgCl~2~. Hydrolysis is a major concern in the production of anhydrous MgCl~2~ from dehydration of MgCl~2~·6H~2~O.^[@ref14]^ Dolezal^[@ref15]^ proposed a method to reduce hydrolysis by forming a complex compound (MgCl~2~·C~6~H~5~NH~2~·HCl·6H~2~O) with amine hydrochlorides. In the case of MgCl~2~·6H~2~O, hydrolysis can be reduced by replacing H~2~O with NH~3~.^[@ref16]^ Alternatively, it can be shifted to a higher temperature by using a double salt like MgCl~2~·NH~4~Cl·6H~2~O.^[@ref17],[@ref18]^

Doping and mixing are two approaches to improve the durability of TCMs. Doping of halides in salt hydrates is used to improve their dehydration kinetics and retard hydrolysis.^[@ref19]^ Doping of various salts like chlorides, acetates, sulfates, and nitrates has been investigated in order to assess their effect on dehydration temperature of Mg(OH)~2~ and Ca(OH)~2~. Among these dopants, nitrates are found to be effective in decreasing the dehydration temperature and accelerating the dehydration kinetics of hydroxides.^[@ref20]^ The selection of the dopant can be made either by using a scientific approach or by chemical intuition.^[@ref21]^ However, doping of salt hydrates has not been investigated to date in a systematic way.

Mixing of salt hydrates to improve their performance and stability is the other emerging approach.^[@ref22]−[@ref25]^ A limitation of this approach can be the appearance of phase segregation, which can reduce the efficiency and the reversibility of the cycles. A mixture of MgSO~4~ and MgCl~2~ hydrates has experimentally been shown to improve the hydration rate and enhance the temperature lift when compared with their elementary components (MgSO~4~ and MgCl~2~ hydrates).^[@ref24]^ Rammelberg^[@ref23]^ et al. have also observed experimentally that a mixture of CaCl~2~ and MgCl~2~ hydrates shows improved kinetics and better stability than their elementary MgCl~2~ and CaCl~2~ hydrates.

A mixture of salt hydrates can occur either at grain level (physical mixture) or at a molecular level (chemical mixture) or as combination of both. If the mixture modifies the molecular structure of the salt, it is called chemical mixture/double salt. CaCl~2~ and MgCl~2~ salts can form two types of chemical mixtures^[@ref26]−[@ref28]^ in the molar ratio of 1:2 (CM1, CaCl~2~·2MgCl~2~) and 2:1 (CM2, 2CaCl~2~·MgCl~2~) as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. These chemical mixtures (CMs) could exist in various hydrates, with hydration number (*n*) varying from 1 to 12. In the following text, the hydrates with *n* from 1 to 6 will be called lower hydrates while the ones with *n* from 8 to 12 will be called higher hydrates. The only experimentally investigated hydrate of these chemical mixtures is tachyhydrite (CaMg~2~Cl~6~·12H~2~O). This is a hygroscopic material, naturally found in evaporite deposits and cretaceous potash formations.^[@ref29],[@ref30]^ The other hydrates of CM1 or CM2 are still to be experimentally explored.

![Optimized structures of the anhydrous elementary salts and chemical mixtures of CaCl~2~ and MgCl~2~. Bond lengths \<2.5 Å and \>2.5 Å are represented as continuous and broken lines, respectively. The Bader atomic charges are also displayed.](jp-2017-05245b_0001){#fig1}

The operating principle of the hydrated chemical mixture can be expressed asHydrolysis, an irreversible competitive side reaction alongside with dehydration, can be expressed asComputational models have been used to investigate the physical, dynamic and equilibrium properties of various salt hydrates from atomic to continuum level.^[@ref31]−[@ref36]^ However, for the chemical mixtures a computational systematic investigation is presently still missing. A first-principles density functional theory (DFT) based study can be a good choice for a systematic molecular level understanding of the chemical salt hydrate mixtures.

In this study, we present the DFT optimized geometries of the chemical mixtures of CaCl~2~ and MgCl~2~. The relative stability of their hydrates is assessed by DFT. We have systematically investigated the structural properties and atomic charges for all hydrates. Further, we have estimated their binding, dehydration and hydrolysis enthalpies. The bonding strengths of Ca/Mg--Cl and Ca/Mg--O pairs have been quantified by various bond indicators like bond order, electron density at the bond critical points, and crystal orbital Hamiltonian population analysis.^[@ref37]−[@ref48]^ We have also obtained the harmonic frequencies of all the chemical mixture hydrates. On the basis of these values we estimated the Gibbs free energy (*G*) of each molecule. Subsequently, we have obtained the equilibrium product concentration of dehydration and hydrolysis reactions under various conditions of temperature and pressure. The equilibrium curves of the chemical mixtures are compared with their elementary salt hydrates over a wide range of operating conditions. The onset temperatures for hydrolysis (HCl formation) of all hydrates of the salt mixtures are also obtained and compared with those of the elementary salt hydrates with similar hydration number.

Methodology and Computational Details {#sec2}
=====================================

First-principles DFT calculations are performed using Perdew--Wang exchange and correlation functional (PW91),^[@ref49]^ as implemented in the Amsterdam density functional (ADF) program.^[@ref50]^ The exchange-correlation energy is calculated under the generalized gradient approximation (GGA) using a double-polarized triple-ζ basis set.^[@ref51]^ The GGA-DFT method at the PW91 or PBE level is known to reproduce accurately the structural, magnetic, thermal and thermodynamic properties of Mg and Ca based salt hydrates.^[@ref31]−[@ref33],[@ref35],[@ref52],[@ref53]^

In the present study, the molecular structures of the chemical mixtures Ca~*a*~Mg~*b*~Cl~6~·*n*H~2~O \[*a*, *b* = 1,2; *a* + *b* = 3; *n* = 0, 2, 4, 6, 8, 10, 12\] are fully optimized with GGA-DFT. The harmonic frequencies of the optimized geometries are obtained in order to estimate the vibrational, rotational, and translational contributions to the energy. The enthalpy change in the reversible dehydration reactions (refer to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) of the chemical mixtures per mole of H~2~O can be expressed asThe enthalpy change in the irreversible side reaction (hydrolysis, refer to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) of the chemical mixture can be expressed asSimilarly, the enthalpy change in binding of *n* water molecules to the anhydrous salt mixture can be obtained fromHere *E* is the electronic ground state energy of an optimized molecule. The Gibbs free energy calculation is described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf). *Δ*G** of the thermal decomposition can be expressed aswhere *G*~*prod*~ and *G*~*reac*~ are the product and the reactant Gibbs free energy, respectively. The equilibrium concentration can be estimated by setting *Δ*G** to zero. The state of matter (reactant/product) at given temperature (*T*) and pressure (*p*) is essential to estimate *Δ*G** of a reaction. The products of thermolysis reactions (dehydration/hydrolysis) such as H~2~O and HCl exist in the gaseous phase in the operating conditions. CaMg~2~Cl~6~·12H~2~O is the only double salt with a known crystal structure from experiments.^[@ref29]^ For the other hydrates of the chemical mixture, the crystal structures are still unexplored. The solid state crystal structure of a compound can be theoretically predicted from evolutionary algorithms in the light of similar known structures.^[@ref54]^ However, the CM1 and CM2 hydrates have five constituting atom types and may have a few hundred atoms in their unit cell. Under these conditions the computational prediction of the solid state crystal structure is quite challenging. However, the ideal gas phase assumption has been used to assess the equilibrium properties of the MgCl~2~ and CaCl~2~ hydrates, that were in agreement with the experiments.^[@ref31],[@ref52]^ Moreover, while the chemical mixture exists in solid phase for solar applications, it might exist in gas phase for metallurgical applications. Therefore, understanding the gas phase reactions can provide an important insight into the effect of chemical mixing.

For MgCl~2~ hydrates, hydrolysis usually happens in the liquid phase of the salt hydrates mixture^[@ref14]^ and equilibrium concentrations of MgCl~2~ hydrates from thermolysis were previously successfully investigated using the ideal gas phase assumption.^[@ref31]^ Since MgCl~2~ is one of the elementary salt hydrates, the ideal gas assumption should hold true for the chemical mixture also. Thus, *Δ*G** can be estimated by Gibbs free energy of the gaseous phase (*G*~*gas*~) of the reacting species. A first-principles equilibrium thermodynamic study of thermolysis of the chemical mixtures hydrates can qualitatively predict the effect of chemical mixing when compared to their elementary salt hydrates, found under the same simulation conditions. Furthermore, the results of this preliminary study will determine the safety limits of these reactions in seasonal heat storage systems.

Besides the investigation of electronic and thermodynamic properties, a thorough analysis of the chemical bonding and interactions present in the studied systems has been performed. The bonding analysis has been performed by examining the bond order (BO), Bader atomic charges, electron density (ED), and Laplacian (*L*) values at the bond critical points (BCPs), as well as the crystal orbital Hamiltonian population (COHP) and crystal orbital overlap population (COOP) functions.^[@ref37]−[@ref48]^ The Bader charges are a measure of the electron occupation on an atom, and therefore offer information on the charge transfer (e.g., on the ionic contributions to the chemical bond). The electron density values at the BCP probe the covalent energy contribution to the chemical bond. The Laplacian sign and values at the critical points offer further indications on the covalency/ionicity character of a bond. Thus, when the *L* value at the bond critical point is negative, the bond can be considered covalent, while when it is positive the bond has mainly a close-shell character (e.g., ionic bond, hydrogen bonding, van der Waals interactions).

Qualitative information on the bond characteristics can be additionally obtained from the COHP and COOP functions. The COHP function measures the sign and magnitude of the bond order energy overlap between atomic orbitals located on different atoms.^[@ref46]−[@ref48]^ This enables the determination of the bonding, antibonding, or nonbonding character of the orbitals interaction, as well as the strength of the interaction:Here *H*~*ij*~ is the Hamiltonian matrix element between atomic orbitals ϕ~*i*~ and ϕ~*j*~. For positive values of −COHP~*ij*~(*E*), the electronic interactions between the two atomic orbitals are of bonding type. Negative values of −COHP~*ij*~(*E*) describe an antibonding type of interaction, while a zero value is associated with the nonbonding interaction regime. The integrated value is equal to the contribution to the bond energy of the interaction of atomic orbitals *i* and *j*, apart from a correction due to differences in electrostatic interactions.^[@ref55]^

The COOP function, defined by Hoffmann,^[@ref56]^ is related to −COHP~*ij*~(*E*):where *S*~*ij*~ is the overlap of atomic orbitals ϕ~*i*~ and ϕ~*j*~. The values of *COOP*~*ij*~(*E*) are also a measure of the bonding or antibonding character of an orbital fragment, but the bond order density is now weighted by the atomic orbital overlap *S*~*ij*~ instead of the bond energy overlap *H*~*ij*~.

Results and Discussion {#sec3}
======================

Molecular Structures of Chemical Mixture {#sec3.1}
----------------------------------------

The DFT/PW91 optimized geometries of CM1 and CM2 are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. During the geometry optimization of these structures, no symmetry constrains have been imposed, and the vibrational frequencies have been computed to validate the found minima.

In the CM1 structure the Ca atom is situated in the center of the double salt, with the two Mg atoms positioned at equal distance (3.00 Å) with respect to the Ca atom. The Cl atoms position closer to the Mg atoms (2.28 Å) than to the Ca atom (2.85 Å). Compared with the elementary salts, the interatomic distance between Mg and Cl is 4.6% larger in the CM1 than in the MgCl~2~ elementary salt, while the Ca--Cl interatomic distance is 16.3% larger in the CM1 than in the CaCl~2~ elementary salt. The average Bader charge on Cl in CM1 is similar to that of Cl in MgCl~2~, while the average Bader charge on Mg and Ca is similar to that on their correspondent atoms from the elementary MgCl~2~ and CaCl~2~ salts (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The Coulombic interaction between Mg and Cl in CM1 is similar to the Mg--Cl pair in MgCl~2~. The enthalpy of formation of CM1, if it forms from its elementary salts (CaCl~2~ and MgCl~2~), is −65.5 kcal/mol. This suggests that the formation of this chemical mixture is thermodynamically stable.

In the CM2 structure, the Mg atom is the one situated in the center of the double salt, with the two Ca atoms positioned at equal distance (3.10 Å) with respect to the Mg atom. The Cl atoms are situated slightly closer to the Ca atoms (2.51 Å) than to the Mg atom (2.58 Å). Compared with the elementary salts, the interatomic distance between Ca and Cl is 2.4% larger in the CM2 than in the CaCl~2~ elementary salt, while the Mg--Cl interatomic distance is 18.4% larger in the CM2 than in the MgCl~2~ elementary salt. The average Bader charge on Cl in CM2 is similar to that of Cl in CaCl~2~, while the average Bader charge on Mg and Ca is, like for CM1, similar to their correspondent atoms from the elementary MgCl~2~ and CaCl~2~ salts (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The enthalpy of formation of CM2, if it forms from its elementary salts (CaCl~2~ and MgCl~2~), is −69.1 kcal/mol.

If H~2~O molecules are successively hydrated to the outer Mg and Ca atoms of CM1 and CM2, *each* Mg/Ca atom present in the outer shell can accommodate up to 6 H~2~O molecules in the first hydration layer. Thus, for example, for CM1 which has 2 outer Mg atoms, 12 hydrated states are possible. The optimized structures (additionally, tables with all the bond lengths are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)) of the hydrated CM1 are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (for hydration number *n* = 2, 6, 12) and in Figures S1 and S2 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf) (for hydration number *n* = 1, 4, 8, 10). Within these hydrated structures, the average interatomic distance between Mg and O in CM1 is observed to vary slightly from 2.05 to2.11 Å as the hydration number *n* varies from 1 to 12 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). This suggests that the Mg--O bond length is not significantly affected by the increase in *n* for CM1 hydrates. The only known experimental crystalline phase, that of CM1·12H~2~O, has Mg--O coordination lengths of 2.01 and 2.10 Å. Thus, the found GGA-DFT optimized distances for the hydrate are in very good agreement with the experimental crystal data.^[@ref29]^ Compared with the elementary hydrates, we notice that the interatomic distance of the Mg--O pair in MgCl~2~ hydrates varies between 2.08 and 2.10 Å as *n* varies from 2 to 6 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Thus, the Mg--O bond length in the lower hydrates of CM1 is similar to that found in MgCl~2~ hydrates.

![Molecular structure of several CM1 hydrates obtained from the GGA-DFT calculations. Bond lengths \<2.5 Å and \>2.5 Å are represented as continuous and broken lines, respectively. Blue broken lines represent intramolecular hydrogen bond lengths (in Å). The Bader atomic charges are also displayed.](jp-2017-05245b_0002){#fig2}

![Comparison between several interatomic distances for the optimized geometry of the CM1 and CM2 hydrates and their elementary salt hydrates (CaCl~2~ and MgCl~2~), as a function of hydration number: (a) Ca/Mg--O, (b) Mg/Ca--Cl, and (c) Ca--Mg interatomic distances (in Å).](jp-2017-05245b_0003){#fig3}

Depending on the hydration, the average Mg--Cl distance in CM1 varies from 2.28 to 3.86 Å as *n* varies from 0 to 12 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The average Mg--Cl interatomic distance increases more significantly (0.61 Å) by increasing *n* from 6 to 8. Higher hydration numbers in CM1 (*n* \> 6) push the Cl atoms further apart from the Mg atom. In MgCl~2~ hydrates, the average Mg--Cl interatomic distance varies similarly from 2.18 to 3.76 Å as *n* varies from 0 to 6 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The Mg--Cl distances in CM1 and in MgCl~2~ are observed to be similar up to the tetrahydrates. The Mg--Cl interatomic distance in hexahydrated state of Mg in CM1 (*n* = 12) and MgCl~2~ (*n* = 6) is similar.

In what concerns the Ca--Cl bonds, the central Ca atom is farther apart from the Cl atoms when compared with the two Mg atoms in CM1. Therefore, the Ca--Cl distance is observed to be less affected by hydration, as the Ca atom is shielded by the six chlorine atoms. The average Ca--Cl distance in all the hydrates of CM1 varies from 2.86 to 2.79 Å with *n* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and also Figures S1 and S2 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)).

Last, the optimized Ca--Mg distance in CM1 is found to increases from 3.00 to 4.64 Å as *n* increases from 0 to 12 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). A sudden jump (0.56 Å) in the Ca--Mg interatomic distance happens as one passes from the lower hydrates to the higher ones (*n* increases from 6 to 8). A good agreement is observed between the theoretically determined geometry of CM1·12H~2~O and that obtained from the experiments.^[@ref29]^

The optimized structures (additionally, tables with all the bond lengths are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)) of the hydrates of CM2 are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (for hydration number *n* = 2,6,12) and in Figures S3 and S4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf) (for hydration number *n* = 1, 4, 8, 10). The average interatomic distance of the Ca--O pair in CM2 varies from 2.40 to 3.04 Å as *n* increases from 1 to 12 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Thus, the hydration strength decreases with *n* in the CM2 hydrates. In particular, we notice that successive hydration of the octahydrate of CM2 significantly reduces the hydration strength, as the Ca--O distance increases by 0.79 Å. The Ca--O interatomic distance in CaCl~2~ hydrate is similar to the one in the CM2 hydrates of the same *n*.

![Molecular structure of several CM2 hydrates obtained from the GGA-DFT calculations. Bond lengths \<2.5 Å and \>2.5 Å are represented as continuous and broken lines, respectively. Blue broken lines represent intramolecular hydrogen bond lengths (in Å). The Bader atomic charges are also displayed.](jp-2017-05245b_0004){#fig4}

The average Ca--Cl distance in CM2 gradually increases from 2.51 to 2.76 Å as *n* varies from 0 to 12 (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The Ca--Cl interatomic distance in CM2 is 2.5--12.6% higher than the Ca--Cl distance in anhydrous CaCl~2~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The average Ca--Cl distance in CaCl~2~ gradually increases from 2.45 to 3.83 Å as *n* varies from 0 to 6. The Ca--Cl interatomic distance in the hexahydrated state of Ca in CM2 (*n* = 12) and CaCl~2~ (*n* = 6) differs by 1.07 Å. The hydrogen bonding between Cl and H~2~O in CM2 hydrates is responsible for this difference.

The average Mg--Cl distance in all CM2 hydrates remains predominantly unperturbed with n. The central Mg atom and the Ca atoms have similar interatomic distance from the Cl atoms. The Ca--Mg interatomic distance gradually increases from 3.10 to3.41 Å with increasing n, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. The distance between the Cl and the central atom is predominantly unperturbed in both CM1 and CM2 hydrates. In the dodecahydrate of CM1 and CM2, the outer atoms (Mg/Ca) gets hydrated with 6 H~2~O molecules and form a distorted octahedral structure (as shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [4](#fig4){ref-type="fig"}c). These two distorted octahedron structures are connected via a bridge octahedral structure made from the central atom (Mg/Ca) and the Cl atom.

The Bader atomic charge on all the elemental atoms of CM1 and CM2 hydrates are shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} (additionally, tables with all the atom's Bader charge are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). The electropositive charge on the Mg and Ca atoms in CM1 increases from 1.634 to 1.726 and from 1.528 to 1.549 as *n* increases from 0 to 12 (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [5](#fig5){ref-type="fig"} and Figures S1 and S2 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). The electropositive charges on Ca and Mg atoms in CM2 hydrates increase from 1.464 to 1.570 and from 1.672 to 1.680, respectively (see [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} and Figures S3 and S4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). Comparatively, the electropositive charges on the Mg and Ca atoms in MgCl~2~ and CaCl~2~ hydrates increase from 1.621 to 1.762 and from 1.553 to 1.631, as *n* increases from 0 to 6. The charge modification with *n* on Mg/Ca atoms of the elementary salt hydrates is larger than in the chemical mixtures, because in the earlier case there is one Cl per Mg/Ca atom, while in the later case there are three Cl per Mg/Ca atom.

![Variation of the calculated Bader atomic charge for the optimized geometry of the CM1 and CM2 hydrates as a function of hydration number.](jp-2017-05245b_0005){#fig5}

![Variation of the calculated Bader atomic charge for the optimized geometry of the CM1 and CM2 hydrates as a function of hydration number. The cyan and brown dash-dot lines represent the charge on H and O in an isolated H~2~O molecule.](jp-2017-05245b_0006){#fig6}

The atomic charge on the outer atoms (Mg in CM1 and Ca in CM2) increases more in comparison with the central atom (Ca in CM1 and Mg in CM2) after complete hydration. The outer atoms participate in the hydration process so their atomic charge modifies more than that of the central atoms in both CM1 and CM2 hydrates. The hydration strength of the outer atoms (Mg/Ca--O) progressively decreases with increasing *n* in both CM1 and CM2 hydrates. The electrostatic interactions play an important role in the hydration of the outer atoms.

In the CM1 hydrates, the average electronegative charge on the Cl atoms is continuously decreasing (from −0.814 to −0.726), while it continuously increases (from −0.775 to −0.797) in the CM2 hydrates with increasing *n* from 2 to 12 (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). There is a small sudden jump of 0.045 observed as *n* changes from 6 to 8 in the CM1 hydrates. Comparatively, in the elementary salts, the average electronegative charge on the Cl atoms is continuously decreasing (from −0.781 to −0.760) in the MgCl~2~ hydrates and, as well, in the CaCl~2~ hydrates (from −0.776 to −0.696), when increasing *n* from 0 to 6. The Cl charge in the lower hydrates of CM1 has a similar trend to the Cl charge in MgCl~2~ hydrates.

The charge on the H atoms decreases with the hydration number for both CM1 and CM2 hydrates, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The magnitude of the atomic charge on the H atoms in CM1 and CM2 hydrates is always higher than the H charge of H~2~O, as shown by the cyan dotted line in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In CM1, the Mg atoms get hydrated, while in CM2, the Ca atoms get hydrated. Owing to the electronic charge caused by the difference in their electronegativity, the electronic charge on the H of the lower hydrates of CM1 is found to be higher than the electronic charge on the H of the lower hydrates of CM2.

The magnitude of the atomic charge present on the O atoms in the CM1 and in the CM2 hydrates is higher than the O charge present in the H~2~O molecule (brown dotted line in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). We also observe that the O charge in CM1 increases in magnitude following the hydration, while it decreases for the CM2 hydrates. For the CM1 hydrates we also notice the presence of a small, but sudden jump, for the O charge as *n* increases from 6 to 8.

The presence of a small sudden jump in the O and Cl atomic charges, as well as in the Mg--Cl and Mg--Ca distances, as *n* changes from 6 to 8, occurs because in the CM1 hydrates up to hexahydrate, the H~2~O molecule is attached to the outer region of the Mg atoms. Successive addition of two H~2~O molecules results in their positioning in the inner region between Mg and Cl atoms (compare Figures S1 and S2 from [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). These H~2~O molecules push the Cl atoms, and acts also on the central Ca atom. This seems to be the reason for the sudden jump. In the CM2, the interatomic distance between the Ca--Cl and the Ca--O is larger than the Mg--Cl and the Mg--O distance in the CM1. Thus, such a sudden jump is not observed in the CM2 hydrates.

The atomic charge distribution on O, H, Mg, and Ca suggests that the electrostatic interactions are playing a major role in the stability and the hydration of these hydrates.

As the main focus of the present study is to evaluate the effect of the chemical mixing of CaCl~2~ and MgCl~2~ hydrates on the thermolysis, under various operating conditions, and to compare this with the values obtained for the elementary salt hydrates. In this direction, we have computed the vibrational spectra for the chemical mixtures of the salt hydrates in order to further calculate the Gibbs free energies. From the analysis of the vibrational spectra, we observe that the O--H pair contributes to the most energetic peak in the vibrating spectra of the chemical mixture. The theoretical spectra for the O--H symmetric bond stretching, for the O--H asymmetric stretching and for the H--O--H angle bending obtained from the GGA-DFT spectrum in the various hydrates of the chemical mixture is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. We compared this with the theoretical vibrational spectrum obtained for an isolated H~2~O molecule.^[@ref57],[@ref58]^ A careful examination of parts a and b of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} reveals that the vibration spectra of the O--H bond stretching and the H--O--H angle bending of the chemical mixture hydrates are somewhat different than the vibrational spectra of the isolated H~2~O molecule. We observe a red-shift in the O--H bond stretching and H--O--H angle bending, when comparing with the isolated H~2~O molecule for all the chemical mixtures hydrates except CM1·2H~2~O. For CM1·2H~2~O, the location of the O--H and H--O--H peaks is similar to that found in the isolated H~2~O molecule, due to the lack of hydrogen bonds formation. The electrons of O atom shared in hydration and hydrogen bond formation impairs the O--H bond strength, thus resulting in the red-shift of the O--H bonds present in the chemical mixture hydrates. The extent of the red-shift depends on the strength variation of the O--H bond, which is affected by hydration strength and the hydrogen bonding interactions in the chemical mixture hydrates. The strength of the symmetric O--H bond in the CM2 hydrates is lower than that found in CM1 (except octahydrate). There are few very strong O--H\--O and O--H\--Cl type hydrogen bonds observed in higher hydrates in CM1 and CM2; thus, few of the peaks of the O--H bond get elongated, resulting in a large red-shift.

![GGA-DFT computed vibrational frequencies of O--H bond and H--O--H angle present in various chemical mixture hydrates: (a) lower hydrates and (b) higher hydrates. The vibrational spectra are compared with the spectra of an isolated H~2~O molecule, marked with (○) H--O--H bending, (△) O--H symmetric stretching, and (▽) O--H asymmetric stretching.](jp-2017-05245b_0007){#fig7}

Bonding Indicators in CM1 and CM2 Hydrates {#sec3.2}
------------------------------------------

To investigate the bonding proclivities between distinct atomic pairs, we have calculated the integrated crystal orbital Hamiltonian population (ICOHP), the integrated crystal orbital overlap population (ICOOP), the electron density (ED), and the Laplacian (*L*) at relevant bond critical points (BCPs) (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} for a model of Bader topology), as well as the bond orders (BO) for several CM1 and CM2 hydrates. This is important as the strength of Mg/Ca--Cl and Mg/Ca--O pairs describe the dehydration, hydrolysis behavior and the stability of the chemical mixtures. The ICOHP/ICOOP, ED/*L* at BCPs and BO of the lower hydrates are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The "Mg/Ca--O" notation in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} refers to the Mg--O pair in CM1 hydrates and to the Ca--O pair in CM2 hydrates. The Bader topological analysis of the higher hydrates for the chemical mixtures is computationally demanding. Thus, the Bader topological analysis (ED/*L*) is only carried out for the lower hydrates.

![Bond critical points (BCPs) in CM2·6H~2~O. Small gray spheres represent the BCP.](jp-2017-05245b_0008){#fig8}

###### Bond Order (BO), Electron Density (ED) and Laplacian (*L*) at Bond Critical Points (BCPs), Integrated Crystal Orbital Hamilton Population (ICOHP), and Integrated Crystal Orbital Overlap Population (ICOOP) Values in *Lower Hydrates* of CM1 and CM2[a](#tbl1-fn1){ref-type="table-fn"}

![](jp-2017-05245b_0014){#GRAPHIC-d7e2295-autogenerated}

The results for the CM1 are depicted with green color, while the ones for the CM2 are shown with red color.

The bond order of the Mg--Cl pair in CM1 hydrates decreases with increasing n, and reduces by 46.9% as *n* increases from 0 to 6. The ED follows the same trend as it reduces by 38.8% as *n* increases from 0 to 6 (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This suggests that the covalent contribution to the Mg--Cl bond strength is decreasing with increasing hydration. The positive sign of the Laplacian suggests the presence of an ionic bonding contribution, which is to be expected due to the difference in electronegativity between Mg and Cl. With increase in hydration the ionic bond strength is found to decrease by 41.3% as *n* increases from 0 to 6. Thus, the hydration of Mg reduces the bond strength with the Cl atoms. As a consequence of the hydration of the Mg atoms, the Cl atoms are pushed toward the central Ca in CM1, resulting in a slightly increased strength for the Ca--Cl bond with increase in n. This is confirmed by the increasing values of BO and ED (≈ 10%) and *L* (≈ 17%) for the Ca--Cl bond as *n* grows from 0 to 6 in CM1 hydrates (refer to [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

The hydration strength (Mg--O pair) in CM1 hydrates is found to decrease with increasing n. The Mg--O bond order drops-down 29.14% by increasing *n* from 2 to 6 (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). ED and *L* at BCP for Mg--O pairs also confirm the same trend and drops-down by 12.6% and 19.3%, respectively, with increasing *n* from 2 to 6.

In the CM2 hydrates, the bond order of the Ca--Cl pair (the equivalent of the Mg--Cl pair in CM1 hydrates) decreases with 40.2% with increasing *n* from 0 to 6. This is similar to the 46.9% decrease for the Mg--Cl pair in CM1. The ED and *L* also reduce by 34.6% and 26.1% for the Ca--Cl bond, as *n* increases from 0 to 6. Thus, the higher hydration reduces the strength for the Ca--Cl bond. As we found for Mg--Cl bond, the Ca--Cl bond has also a significant ionic character, evident from the positive sign of *L*. As the size of Ca is larger than that of Mg, Cl atoms get only marginally pushed toward the central Mg atom following the hydration of the Ca atoms in CM2. Hence, the strength of the Mg--Cl bond remains unaltered by hydration. This is different from the CM1 case, where increase in hydration leads to increase in proximity for the Ca and Cl atoms, and therefore to stronger Ca--Cl bonds. The hydration strength (Ca--O pair) in CM2 hydrates decreases with increasing n. The Ca--O bond order and Laplacian drop-down by 16.35% and by 10.7%, respectively, with *n* increasing from 2 to 6 (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

In general, similar trends are observed for all the investigated bonds when looking at their COHP plots and average ICOHP values (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and Table S8 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). From the COHP plots of Mg--O (in CM1·6H~2~O) and Ca--O (in CM2·6H~2~O), we can also distinguish the bonding, antibonding and nonbonding domains associated with these bonds. We observed that the Mg--O bond has more occupied bonding contributions than the Ca--O bond, the later one having essentially equally occupied bonding and antibonding contributions. This is also confirmed by their corresponding ICOHP and ICOOP values (when comparing ICOHP values between different systems, care has to be taken as the reference values for the absolute number are not fixed).

![COHP plot for the Mg--O and Ca--O bonds present in CM1·6H~2~O and in CM2·6H~2~O, respectively. The "0" value on the *X*-axis separates occupied from unoccupied states. The "0" value on the *Y*-axis separates bonding (positive values) from antibonding (negative values) states.](jp-2017-05245b_0009){#fig9}

In order to compare the strength of Ca/Mg--Cl and Ca/Mg--O pairs between the elementary hydrates and the chemical mixture hydrates we have calculated also the bond order, ED, and *L* at BCP for the CaCl~2~ and MgCl~2~ elementary hydrates. The obtained values for the elementary salt hydrates are given in Table S9 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf). The bond order of Mg--Cl in anhydrous CM1 is 33.4% lower than in anhydrous MgCl~2~. Similarly smaller values, by 20.8% and by 23.5%, are obtained also for the ED and *L* of the Mg--Cl in anhydrous CM1 when compared to the Mg--Cl in anhydrous MgCl~2~. For the hydrate, the bond order of Mg--Cl pair in CM1·2H~2~O is similar to that of MgCl~2~·2H~2~O. The ED and *L* of the Mg--Cl pair in CM1·2H~2~O are however slightly lower (by 7%) than that of the MgCl~2~·2H~2~O. The bond order of the Mg--Cl pair in CM1·4H~2~O is 21.2% higher than that in the MgCl~2~·4H~2~O, and in CM1·6H~2~O is 44 times higher than that in the MgCl~2~·6H~2~O (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and Table S9 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). The ED and *L* of the Mg--Cl pair in CM1·4H~2~O are approximately 10% higher than those in the MgCl~2~·4H~2~O. No ionic interaction is observed between Mg--Cl pair in MgCl~2~·6H~2~O. The bond order of Mg--O in CM1 di-, tetra-, and hexahydrates is 18.5%, 22.8% and 16.1% higher than in the di-, tetra-, and hexahydrates of MgCl~2~, respectively. Similarly, the ED of Mg--O in CM1 di-, tetra-, and hexahydrates are 6.3%, 11.5%, and 0.4% higher than in the di-, tetra-, and hexahydrates of MgCl~2~, respectively. The Laplacians match the same trends, with the values for the Mg--O bond in the di-, tetra-, and hexahydrate of CM1 being with 3.5%, 11.9% and 5.2% higher than in the corresponding hydrates of MgCl~2~. Thus, comparative bond order analysis reveals that the strength of Mg--Cl and Mg--O bonds in CM1 hydrates is stronger than that in the MgCl~2~ hydrates.

The bond order of Ca--Cl in anhydrous and dihydrates of CM2 is 25.9%, 10.6% lower than in the anhydrous and dihydrate of CaCl~2~, respectively. The ED of Ca--Cl in anhydrous and dihydrates of CM2 are also 12.40%, and 4.1% lower than in the anhydrous and dihydrate of CaCl~2~, respectively. The Laplacians follow the same trend showing a 14.8% and 5.2% smaller value than in the anhydrous and dihydrate of CaCl~2~. The BO, ED, and *L* of Ca--Cl pair in CM2·4H~2~O are however 24.1%, 26.3%, and 21.2% higher than in the CaCl~2~·4H~2~O. The BO of Ca--Cl pair in CM2·6H~2~O is 24.4 times higher than in the CaCl~2~·6H~2~O (see [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and Table S9 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)).

The BO of Ca--O in CM2·2H~2~O is found to be 0.9% lower than in the CaCl~2~·2H~2~O. The bond orders of Ca--O in CM2 tetra- and hexa-hydrates are 5.6% and 2.3% higher than in tetra- and hexahydrates of CaCl~2~, respectively. Thus, comparative bond order analysis reveals that the strength of Ca--Cl and Ca--O bond in CM2·2H~2~O is weaker than in CaCl~2~·2H~2~O hydrates. The Ca--Cl and Ca--O bonds in tetra- and hexahydrates of CM2 are however stronger than the corresponding bonds from the tetra- and hexahydrates of CaCl~2~.

Enthalpy Change in Thermolysis {#sec3.3}
------------------------------

Hydrolysis is usually observed in lower hydrates of MgCl~2~ hydrates (MgCl~2~·H~2~O and MgCl~2~·2H~2~O).^[@ref59]^ The proton transfer is an important step in the hydrolysis of chloride-based hydrates.^[@ref34]^ To quantify the comparative hydrolysis resistance among MgCl~2~ and CaCl~2~ hydrates, we have calculated the enthalpy change in proton removal for CaCl~2~·2H~2~O and MgCl~2~·2H~2~O. The enthalpy change is obtained by gradually increasing the O--H interatomic distance. The enthalpy change of the proton dissociation in MgCl~2~·2H~2~O is found to be 19.55 kcal/mol, and 33.73 kcal/mol in CaCl~2~·2H~2~O. The proton transfer is thus less energy favorable in CaCl~2~·2H~2~O when compared with MgCl~2~·2H~2~O. This suggests that CaCl~2~·2H~2~O is more resistant to hydrolysis than MgCl~2~·2H~2~O. This reiterates our previous DFT results, which suggest that CaCl~2~ hydrates are more hydrolysis resistant than MgCl~2~ hydrates.^[@ref52]^ This is the fundamental reason to explore the effect of chemical mixing of CaCl~2~ hydrates and MgCl~2~ hydrates on their hydrolysis resistance.

The enthalpy change in dehydration, hydrolysis, and binding of H~2~O to a chemical mixture of salt, as defined by [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, [4](#eq4){ref-type="disp-formula"}, and [5](#eq5){ref-type="disp-formula"} are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The dehydration enthalpy monotonically decreases with *n* until octahydrate then increases for decahydrate and decreases again for dodecahydrate in both CM1 and CM2 hydrates. This indicates that the dehydration process becomes energetically favorable with the increase of *n* until octahydrate for both CM1 and CM2 hydrate. In CM1 hydrates, H~2~O molecules are attached to Mg, and therefore the change in the dehydration enthalpy with *n* is more than for the Ca hydrated CM2 hydrates. From [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, we observed that a crossover in dehydration enthalpy between CM1 and CM2 hydrates appears for *n* = 6. The bonding indicator (ED) suggests that the hydration strength of Mg--O is decreasing with *n* in CM1, while the hydration strength is only marginally affected by the increase of *n* in CM2. This explains the crossover. We also observe that the dehydration enthalpies for octa- and dodeca-hydrates of CM1 are less than 10 kcal/mol. Thus, these hydrates are not stable at room temperature. Comparing the dehydration enthalpy of chemical mixtures with that of their elementary salt hydrates, we observed that the chemical mixtures have larger enthalpies than the elementary hydrates (except for CaCl~2~·2H~2~O).

![Enthalpy change during (a) dehydration per mole of H~2~O, (b) hydrolysis, and (c) binding of various chemical mixture hydrates per mole of salt studied. The black and blue solid lines represent the enthalpy change in CaCl~2~ and MgCl~2~ hydrates, respectively. The dotted line (-PM) from panel c represents the enthalpy change considering the physical mixture.](jp-2017-05245b_0010){#fig10}

The enthalpy change in hydrolysis of CM1 and CM2 hydrates monotonically increases with *n* as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b. This indicates that the hydrolysis process becomes energetically more difficult with increasing n. The hydrolysis enthalpy of CM1 lower hydrates is with ≈15 kcal/mol higher than that of CM2 lower hydrates. We observe again a crossover in enthalpy change of hydrolysis at *n* = 8 for CM1 and CM2 hydrates. The Mg--Cl distance and Cl Bader charge have a crossover at hydration *n* = 8 for CM1 (see [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and [5](#fig5){ref-type="fig"}c). This might be a plausible reason for the crossing. Comparing the hydrolysis enthalpy for CM1, CM2 and elemental hydrates, we notice that the hydrolysis enthalpy of CM2 hydrates matches very close that of the MgCl~2~ hydrates.

The enthalpy change in binding of H~2~O to the salt mixture is found to increase with *n* as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c. The increase in the binding enthalpy with successive hydration of the H~2~O molecules decreases with *n* for both CM1 and CM2 hydrates. The binding enthalpy of the monohydrate of CM2 is negative and close to 0 kcal/mol, thus binding of one H~2~O to CM2 is energetically unfavorable. Hydrolysis process becomes energetically challenging with the increase in n. The binding enthalpy of CM1 lower hydrates is with ≈15 kcal/mol higher than that of CM2 lower hydrates. A crossover in binding enthalpy is also observed for *n* = 8. The same reason for structural change at *n* = 8 in CM1 hydrates is assumed to be the plausible cause. Comparing with the elementary salt hydrates, the binding enthalpy of the chemical mixtures is found to be higher (except for the CM2 monohydrate). The binding enthalpy of the chemical mixture has been also compared with the binding enthalpy of the physical mixture (-PM, dotted line in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c) of same stoichiometric ratio. The binding enthalpy of the chemical mixture is lower than that of the physical mixture. The lowering in binding enthalpy can be explained by the fact that a fraction of binding enthalpy of physical mixture is utilized in chemical rearrangement of salt to form the chemical mixture.

Thermodynamic Study of Chemical Mixture {#sec3.4}
---------------------------------------

To explore the effect of chemical mixing on the thermolysis (dehydration/hydrolysis) of salt hydrate mixtures, we have obtained the equilibrium compositions (partial pressure) of products formed during the thermolysis. The equilibrium compositions are obtained from thermodynamics by equating *Δ*G** to zero. The Gibbs free energy of each reactant and product is obtained from atomistic GGA-DFT calculations.^[@ref31],[@ref52]^ In seasonal heat storage systems, the typical operating temperature varies between 300 and 500 K and the partial pressure of water (*p*~H~2~O~) varies from 10^--3^ to 1 atm.^[@ref4]^ In the present study, we have chosen the partial pressure of water (*p*~H~2~O~), the partial pressure of HCl (*p*~HCl~) and the temperature (*T*) as controlling variables while the partial pressures of the salt hydrates are kept constant (1 atm).

### Dehydration Reaction of Salt Hydrates Mixture {#sec3.4.1}

The water vapor pressure and reaction temperature affect the reversible endothermic dehydration of the chemical mixture of MgCl~2~ and CaCl~2~ hydrates. To understand their effect on the dehydration reaction of CM1 and CM2 hydrates, the equilibrium product compositions of dehydration are investigated in the temperature range of 100 to 600 K and an arbitrary water vapor pressure (*p*~H~2~O~) in the range of 0.001--1 atm. This temperature range is chosen to examine all the dehydration reactions of CM1 and CM2 hydrates for seasonal heat storage. The dehydration characteristics of the elementary salt hydrates of CaCl~2~ and MgCl~2~, under similar conditions and DFT formalism, have been previously found to be in agreement with the corresponding experiments.^[@ref31],[@ref52]^

The equilibrium temperature-vapor pressure obtained from the dehydration reactions of the higher hydrates of both CM1·*n*H~2~O and CM2·*n*H~2~O (*n* = 8, 10, 12) is shown in Figure S10a of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf). The dodeca- and octa-hydrates of CM1 dehydrate at very low temperature (\<200 K), thus they are unstable at room temperature. This behavior of CM1 hydrate is consistent with their low change in dehydration enthalpy (\<10 kcal/(mol K)) shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a. The decahydrate of CM1 dehydrates in the temperature range of 290 to 408 K. The higher hydrates of CM2 dehydrate in the temperature range of 297 to 551 K as shown in Figure S10a of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf). The higher hydrates of CM2 have higher dehydration enthalpy (\>10 kcal/(mol K)) than the CM1 higher hydrates, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a.

The equilibrium product composition of lower hydrates of CM1·*n*H~2~O and CM2·*n*H~2~O (*n* = 2, 4, 6) is shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. These equilibrium curves are compared with their analogous for hydrates of CaCl~2~ and MgCl~2~ of same *n*. The dehydration temperatures for hexa- and tetrahydrate of CM1 and CM2 are higher than those of the hexa- and tetrahydrates of CaCl~2~ and MgCl~2~. The equilibrium partial vapor pressure (*p*~H~2~O~) of 1 atm is observed at 478 and 408 K for CM1·6H~2~O and CM2·6H~2~O, respectively. For the elementary salt hydrates the equivalent temperature for CaCl~2~·6H~2~O and MgCl~2~·6H~2~O is 350 and 390 K as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a. For the tetrahydrate the equilibrium temperature at *p*~H~2~O~ of 1 atm is obtained at 576, 626, 490, and 374 K for CM1·4H~2~O, CM2·4H~2~O, CaCl~2~·4H~2~O, and MgCl~2~·4H~2~O, respectively. The equivalent temperatures for CM1·2H~2~O, CM2·2H~2~O, CaCl~2~·2H~2~O and MgCl~2~·2H~2~O are 1106, 704, 895, and 733 K, respectively.

![Equilibrium product concentrations for the dehydration reactions of lower hydrates of CM1 and CM2, and their comparison with the analogous CaCl~2~ and MgCl~2~ hydrates at various temperatures and constant partial pressure of hydrate, *p*~*o*~ = 1 atm.](jp-2017-05245b_0011){#fig11}

The dehydration characteristics of the chemical mixture are different than that of their elementary component salt hydrates and it depends on the hydration strength. In the higher hydrates of the chemical mixture (*n* = 8--12), CM2 dehydrates at a greater temperature than CM1, while in lower hydrates, this is reversed (except for tetrahydrate). Chemical mixing increases the dehydration temperature range by 30, 72, and 182 K for hexa-, tetra-, and dihydrates of CM1, when compared with analogous elementary MgCl~2~ hydrates. It increases the dehydration temperature range by 63 K and decreases by 123 K for hexa- and tetrahydrate of CM2, when compared with analogous elementary CaCl~2~ hydrates. The chemical mixing can be used therefore to increase/decrease the temperature operation range of TCM based seasonal heat storage systems. On the basis of the fact that the chemical mixing generally increases the temperature interval for the dehydration, CM1·*n*H~2~O and CM2·*n*H~2~O can be considered as better candidates than their elementary salts for efficient heat storage, from the dehydration point of view.

### Hydrolysis Reaction of Salt Hydrates {#sec3.4.2}

Hydrolysis is an undesirable side reaction in thermolysis of chloride-based salt, which produces HCl and H~2~O. Hydrolysis starts at a higher temperature than dehydration as the enthalpy change in hydrolysis is much higher than the enthalpy change in dehydration, as depicted in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The hydrolysis characteristics for the elementary salt hydrates of CaCl~2~ and MgCl~2~, under similar DFT formalism, have been investigated previously and found to be in good agreement with the experiments.^[@ref31],[@ref52]^ To understand the effect of temperature and partial pressure of the products (*p*~HCl~, *p*~H~2~O~) on hydrolysis, we have varied the concentrations of either of the reaction products while keeping the concentration of the other product fixed. The equilibrium temperature is varied from 300 K-800 K at constant HCl pressure (0.001 atm). To mimic a very slow hydrolysis rate, low fixed HCl pressure (*p*~HCl~ = 0.001 atm) is chosen, which gives low HCl pressure gradient. Such low concentrations of HCl could be chosen as the safety limit for the seasonal heat storage system.

The equilibrium hydrolysis curve of higher hydrates of chemical mixture (CM1/CM2·nH~2~O, *n* = 8, 10, 12) at fixed *p*~HCl~ and fixed *p*~H~2~O~ is depicted in Figure S10, parts b and c, of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf), respectively. The onset temperature of hydrolysis to attain *p*~H~2~O~ of 0.001 atm at fixed HCl pressure (*p*~HCl~ = 0.001 atm) is 315 K, 351 and 366 K for dodeca-, deca- and octa-hydrate of CM1, respectively, as shown in Figure S10b. The corresponding temperatures for CM2 hydrates are 382 K, 380 and 381 K. The temperature to attain *p*~HCl~ of 0.001 atm are 345 K, 384 and 400 K at fixed *p*~H~2~O~ of 0.01 atm for dodeca-, deca-, and octahydrate of CM1 (see Figure S10c of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). The corresponding temperatures for the analogous CM2 hydrates are 421.5, 418.8, and 419.5 K. The dodeca- and octa-hydrates of CM1 are not stable at room temperature, so their hydrolysis behavior can be ignored. The onset temperature of hydrolysis is greater in higher hydrates of CM2 than in CM1 hydrates, in both investigated conditions (at constant *p*~HCl~ and *p*~H~2~O~).

The hydrolysis of lower hydrates of chemical mixture (CM1/CM2·*n*H~2~O, *n* = 2, 4, 6) is investigated under fixed *p*~HCl~ and fixed *p*~H~2~O~ as depicted in [Figures [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"}, respectively. Their hydrolysis curve is compared with the analogous for the elementary salt hydrate of same n. The hydrolysis temperature to obtained *p*~H~2~O~ of 0.001 atm at fixed HCl pressure (*p*~HCl~ = 0.001 atm) is 469, 403, 396, and 423 K for the hexahydrate of CM1, CM2, CaCl~2,~ and MgCl~2~, respectively (refer to [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). The equivalent temperatures for the tetrahydrate of CM1, CM2, CaCl~2~, and MgCl~2~ are 538, 464, 475, and 446 K, respectively. For the dihydrate of CM1, CM2, CaCl~2~, and MgCl~2~, the corresponding computed temperatures are 684, 513, 618, and 653 K, respectively. The onset temperature of HCl formation pressure of 0.001 atm at fixed *p*~H~2~O~ of 0.01 atm are 512, 438, 433, and 423 K for the hexahydrate of CM1, CM2, CaCl~2~, and MgCl~2~, respectively (refer to [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). The equivalent temperatures for the tetrahydrate of CM1, CM2, CaCl~2~, and MgCl~2~ are 584, 505, 516, and 483 K, respectively. For the dihydrate of CM1, CM2, CaCl~2~, and MgCl~2~ the obtained temperatures are of 723, 547, 653, and 689 K, respectively. The onset of hydrolysis temperature clearly indicates that the hydrolysis resistance of the CM1 lower hydrates is greater than that of the CM2 hydrates. The hydrolysis resistance of the chemical mixture is also observed to be higher when compared with their elementary salt hydrates (except for CM2·2H~2~O).

![Equilibrium product concentrations for the hydrolysis reactions of lower hydrates of CM1 and CM2 at various temperatures and constant partial pressure of hydrate, *p*~*o*~ = 1 atm and *p*~HCl~ = 0.001 atm.](jp-2017-05245b_0012){#fig12}

![Equilibrium product concentrations for the hydrolysis reactions of lower hydrates of CM1 and CM2 at various temperatures and constant partial pressure of hydrate, *p*~*o*~ = 1 atm and *p*~H~2~O~ = 0.01 atm.](jp-2017-05245b_0013){#fig13}

The gradient for all the equilibrium dehydration and hydrolysis curves is presented in Tables S10 and S11 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf). The gradient of CM1 higher hydrates is larger than that of CM2 higher hydrates, and therefore CM2 higher hydrates offer a wider range of operational window when compared with CM1 higher hydrates. In lower hydrates (except CM2·2H~2~O), the gradient of the chemical mixture is lower than that of the elementary salt hydrates, and thus the chemical mixing increases the window of operation. In hydrolysis, the gradient at fixed *p*~H~2~O~ is always greater than at fixed *p*~HCl~. Thus, at any fixed *p*~H~2~O~ a small window of *p*~HCl~ could be observed, while at any fixed *p*~HCl~ a large window of *p*~H~2~O~ could be observed. In the operating range of the TCM for solar application, hydrolysis in MgCl~2~ hydrates can be significantly reduced by chemical mixing. By optimizing the chemical mixing ratio, the undesirable side reaction can be reduced, which will improve the durability of the storage cycle. Additionally, chemical mixing also increases the operation window of thermolysis reactions.

Conclusions {#sec4}
===========

Chemical mixing is an emerging approach to improve the durability of thermochemical heat storage materials. Our aim is to enhance hydrolysis resistance by chemical mixing of chloride-based salt hydrates. We have carried out GGA-DFT calculations to obtain the optimized structure of various chemical mixture hydrates (CaMg~2~Cl~6~ (CM1)/Ca~2~MgCl~6~ (CM2)·*n*H~2~O; *n* = 0, 2, 4, 6, 8, 10, 12), as well as their Bader atomic charges and vibrational frequencies. The present calculations reveal that the enthalpy change for proton removal, which is an important step in hydrolysis, from CaCl~2~·2H~2~O is 72.5% higher than from MgCl~2~·2H~2~O. Thus, CaCl~2~·2H~2~O has higher hydrolysis resistance than MgCl~2~·2H~2~O, which confirms our previous DFT results.^[@ref52]^ The enthalpies of formation of CM1 and CM2 from their elementary salts are −65.5 and −69.1 kcal/mol. Therefore, CM2 is 3.6 kcal/mol more stable than CM1.

The vibrational frequency analysis reveals that a red-shift in the O--H bonds of the chemical mixtures is observed when comparing with the spectra of an isolated H~2~O molecule. The extent of the O--H bond weakening depends on the hydration strength and hydrogen bonding in the chemical mixtures. The Bader topological based bonding indicators reveal that the hydration strength of the outer atoms (Mg in CM1 and Ca in CM2) continuously decreases with increasing n.

To assess the possibility of higher hydrates formation, we compared the Mg/Ca--Cl bond order in chemical mixtures and elementary salt hydrates. The bond order of Mg--Cl drops from 0.414 to 0.220 in CM1 hydrates, and from 0.622 to 0.005 in MgCl~2~ hydrates as *n* varies from 0 to 6. Similarly, the bond order of Ca--Cl drops from 0.368 to 0.220 in CM2 hydrates, and from 0.497 to 0.009 in CaCl~2~ hydrates as *n* varies from 0 to 6. As a consequence, CM1 and CM2 can even form higher hydrates (*n* \> 6), whereas the elementary salt hydrates of CaCl~2~ and MgCl~2~ can not. The atomic charge distribution reveals that the stability and the hydration strength of the chemical mixture hydrates are dominated by electrostatic interactions.

The hydrolysis enthalpy of CM1 lower hydrates (*n* \< 6) is ≈15 kcal/mol higher than that of CM2 lower hydrates. Comparing chemical mixing with physical mixing, we observe that the chemical mixing lowers the binding enthalpy with respect to the physical ones.

Structural properties, electronic ground state energies and harmonic frequencies are used to quantify the Gibbs free energy of each reactant and product at a given temperature (*T*) and pressure (*p*). The thermodynamic approach is used to derive the equilibrium product composition of thermolysis at various *T* and *p* conditions for the chemical mixture hydrates. The calculated effect of temperature on the thermolysis of the investigated chemical mixtures is observed to be similar to the experimental/theoretical thermolysis results for the CaCl~2~ and MgCl~2~ hydrates.^[@ref14],[@ref60]^ The dehydration enthalpies of CM1·12H~2~O, CM1·8H~2~O, and CM2·H~2~O are found to be less than 10 kcal/(mol K), and their dehydration starts at subzero temperatures, indicating that they are not stable at room temperature. The higher hydrates of CM2 dehydrate in the temperature range of 297 to 551 K, and CM1 × 10H~2~O in the temperature range of 290 to 408 K. The rise in the dehydration temperature due to chemical mixing at *p*~H~2~O~ = 1 atm is from 18 to 128 K and from 136 to 252 K in hexa- and tetrahydrate of CM1 and CM2, respectively, when compared with their elementary salt hydrates of the same *n*. In CM1·2H~2~O, the dehydration temperature is increased by 211 K, while in CM2·2H~2~O it is decreased by 191 K. Thus, the chemical composition and hydration number of the chemical mixture can be used to tune the dehydration temperature region.

The competing hydrolysis reactions of CM1/CM2·nH~2~O are investigated under constant *p*~HCl~ and *p*~H~2~O~. The onset temperature of HCl formation (hydrolysis) is obtained at very low HCl pressure (*p*~HCl~ = 0.001 atm) under different temperature and water vapor pressure conditions. The onset of hydrolysis (*p*~HCl~ = 0.001 atm at constant *p*~H~2~O~ = 0.01 atm) in higher hydrates of CM2 is above 419 K, while for CM1 × 10H~2~O is 384 K. The hydrolysis trend for lower hydrates is opposite to higher hydrates. The rise in onset of hydrolysis temperature for hexa-, tetra- and dihydrates of CM1 is 79 K, 68 and 70 K when compared to the CaCl~2~ hydrates of the same *n*, under similar conditions. The CM2·6H~2~O increases the onset of hydrolysis temperature by 5 K, when compared with CaCl~2~·6H~2~O. The tetra- and dihydrate of CM2 decrease the onset of the hydrolysis temperature by 11 and 106 K, when compared with the tetra- and dihydrate of CaCl~2~. Thus, the chemical mixing improves the hydrolysis resistance in all the cases, except for CM2·4H~2~O and CM2·2H~2~O.

In higher hydrates, CM2 has a smaller gradient of equilibrium dehydration/hydrolysis curves when compared with CM1 (Figure S10 and Table S10 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). Further, for the lower hydrates of the studied chemical mixtures, the gradients of the equilibrium dehydration/hydrolysis curves are always smaller than that for the elementary salt hydrates with same *n*, except CM2·2H~2~O ([Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}, [12](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"}, and Table S11 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf)). Therefore, the chemical mixing not only improves the hydrolysis resistance but also increases the window of operation.

Given the lack of experimental studies on the chemical mixtures, it can be concluded from the present study that the chemical mixtures of CaCl~2~ hydrates with MgCl~2~ are potentially good candidates for long-term seasonal heat storage. It is expected that these hydrates can improve the hydrolysis resistance compared to MgCl~2~ hydrates and therefore enhance the durability of the system.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.7b05245](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b05245).Molecular structure of chemical mixtures, tabulated bond lengths and Bader charges, Gibbs free energy calculations, bonding indicators, and equilibrium curve properties ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b05245/suppl_file/jp7b05245_si_001.pdf))
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